As more and more genomic DNAs are sequenced to characterize human genetic variations, the demand for a very fast and accurate method to genomically position these DNA sequences is high. We have developed a new mapping method that does not require sequence alignment. In this method, we first identified DNA fragments of 15 bp in length that are unique in the human genome and then used them to position single nucleotide polymorphism (SNP) sequences. By use of four desktop personal computers with AMD K7 (1 GHz) processors, our new method mapped more than 1.6 million SNP sequences in 20 hr and achieved a very good agreement with mapping results from alignment-based methods.
The SNP (Single Nucleotide Polymorphism) Consortium (http://snp.cshl.org) and laboratories around the world have generated millions of human SNP sequences (http:// www.ncbi.nlm.nih.gov/SNP/). For these SNPs to become the next generation of genetic markers to transform biomedical research (Lander and Schork 1994; Lander 1996; Risch and Merikangas 1996; Kruglyak 1997; Collins et al. 1998; Schafer and Hawkins 1998) , one must first know the location of each SNP in the genome. This is traditionally achieved by aligning numerous short DNA sequences, each typically of a few hundred nucleotides, one at a time with one very long DNA sequence, the genome. For example, to ensure that an SNP sequence is mapped to its cognate genomic position, the protocol published by the Whitehead Institute uses a double-BLAST (Altschuler et al. 1990 ) search strategy with stringent match criteria (http://snp.cshl.org/data/). By focusing on near-identity matches, faster DNA sequence aligning programs have also been developed (Chao et al. 1997; Zhang and Madden 1997; Florea et al. 1998; Delcher et al. 1999; Zhang et al. 2000 ; W. Gish at http://blast.wustl.edu). However, to the best of our knowledge and our experience in using BLAST, several minutes on a workstation are still required to align a single DNA fragment (expressed sequence tag [EST] , SNP, etc.) with the human genome (see e.g., Florea et al. 1998; Bedell et al. 2000) . At this speed, it would take months, if not years, to map a database, such as dbSNP (http://www.ncbi.nlm.nih-.gov/SNP)-an impractical task for most laboratories.
We show here that the mapping of dbSNP can be performed in hours using only a few desktop personal computers. Our innovation lies in dispensing with the need to perform actual alignment for positional mapping; instead, fixedlength unique sequence markers, referred to as UniMarkers or UMs, were used to assign the genomic positions of SNP sites. By definition, every UM appears only once in the genome. Consequently, in the ideal situation of, for example, no sequence errors, a single UM match will suffice to locate an SNP sequence in the genome. The present UM method (schematically illustrated in Fig. 1 ) was developed on the basis of this simple premise; its performance in SNP mapping is compared below with that of the alignment-based assignment method reported at the National Center for Biotechnology Information (NCBI), hereafter referred to, for convenience, as the NCBI method.
RESULTS

UMs Using Different Length Markers
With a sufficiently large value of N, any N-mer DNA sequence will be unique in a genome. It is, however, computationally less efficient to work with longer N-mers. Thus, for example, in BLAST and BLAST-related methods for comparing DNA sequences (Altschul et al. 1990; Zhang and Madden 1997; Florea et al. 1998; Zhang et al. 2000) , 10-, 11-, or 12-mers are usually used. For the present purpose of mapping SNPs using the UM method (see Methods), N needs to be larger such that the number of markers exceeds the number of SNPs. Indeed, as shown in Table 1 , it is only when N is larger than 13 that considerable numbers of SNPs can be mapped. Table 1 furthermore indicates that, in the trade-off between computing costs and SNP-mapping capability, a value of N of 15 would be optimal. At this length, a UM exists, on average, every 36 bp, a density more than an order of magnitude higher than that estimated for the total number of SNPs (Taillon-Miller et al. 1998; Marth et al. 1999 ). In addition, at this length, 81.4% of the SNPs in dbSNP can be uniquely assigned in the genome by the UM method, compared with the NCBI's coverage of 75.7%. Because of these observations, we hereafter report only the results of 15-mer UMs. As one would expect, knowing that most genes are found in regions of nonrepetitive sequences (International Human Genome Sequencing Consortium 2001; Venter et al. 2001) , the number of UMs for each chromosome was approximately proportional to the number of genes predicted (data not shown). Tables 2 and 3 , show, respectively, the results obtained using the UM method for those SNPs assigned or not assigned by NCBI to one of the 24 chromosomes. Except for the Y chromosome (chromosome 24), a gene desert (International Human Genome Sequencing Consortium 2001; Venter et al. 2001) , with, consequently, considerably few UMs, statistical analysis indicated that the two independent SNP-mapping methods show little chromosomal bias. Namely, the percentage of SNPs that can be assigned to a particular chromosome was comparable for the first 23 chromosomes (Table 2) , and no chromosome was particularly favored by one mapping method and disfavored by the other (Fig. 2) . It is important that, for those SNPs successfully assigned by the UM method, the agreement with the NCBI method was very high (∼99.5%); although, in general, ∼7% of SNPs assigned by the NCBI method have no UM (at N = 15) and thus cannot be handled by the UM method (Table 2 ). However, ∼25% of SNPs assigned to multiple genomic positions by the NCBI method and >50% of those not assigned by the NCBI method could be uniquely assigned using the UM method (Table 3 ). These additional assignments allowed us to map substantially more SNPs than with the NCBI method (1,346,672 vs. 1,253,779 or 81.4% vs. 75 .7% of the 1,655,188 nonredundant SNP entries [Build 22]) . Notably, the additional assignments were not biased to particular chromosomes (Fig. 2) .
Comparison with NCBI Assignments
On the other hand, because the strategies and criteria used by the UM method to assign SNPs are so different from the conventional use of BLAST scores (see Methods), the above statistics should not be taken to reflect an absolute advantage of the UM method. Indeed, many of the additional assignments achieved by the UM method were made on few UMs; they are consequently less reliable and could be ambiguous (see discussion in the following two sections). These assignments will mostly occur for SNPs that lie in regions of the genome that are abundant in repetitive or duplicated sequences. In such cases, the UM method presents an independent assignment with which the assignment of BLAST-based methods can be compared and evaluated.
Assessing the Quality of the UM Assignments
Although, in theory, a single UM would suffice to assign an SNP sequence, in practice, an SNP sequence may contain multiple UMs that do not all map to the same genomic region, resulting in ambiguities. In general, the more UMs that an SNP sequence contains, the easier and also the more reliable is the positioning of the SNP sequence. Thus, as shown in Figure  3A , the percentage agreement in the assignment of the SNP sequences between the two methods was lower when the SNP sequence contained a low number of UMs; for example, the percentage agreement does not reach 95% when the number of UMs is less than eight. It is, nevertheless, encouraging that the lowest percentage agreement (88.3%) was still high, and that at least 92% of NCBI-assignable SNP sequences containing a singleton UM received the same assignment as that produced by the NCBI method. The proportion of zero and singleton UM SNPs in NCBI-unassignable SNP sequences was comparatively much higher ( Fig. 3B ), reflecting the difficulties in mapping these groups of SNPs by any method. Interestingly, a residual percentage of disagreement in assignment (∼0.8%) persisted no matter how many UMs were contained in an SNP sequence, indicating the existence of cases that neither method can map with absolute confidence (see the example below). Figure 4 shows some examples illustrating how different assignments might arise from the UM method and an alignment-based method.
Some Examples of Possible Ambiguities
In case A, the SNP sequence contained many uncertain bases (labeled as N), making it difficult for the alignment method to find near identical genomic matches. In this SNP sequence, there were 15 UMs, of which 10 were clustered in three groups on a genomic segment identified by the UM method, which, overall, sees 94.8% sequence identity with the SNP sequence. The remaining five, which were found in three other chromosomes (chromosomes 4, 7, and 12) were, according to our scheme (see Methods), regarded as noise.
In case B, different contigs on the same chromosome were matched. Sequence alignment indicates that, excluding the first three bases, the first part of the sequence (up to position 63) was matched in the NCBI assignment, whereas the rest was matched in the UM assignment. The 19 UMs encompassing the SNP site allowed us to make a distinction between the two similarly homologous regions (97.5% and 96.4% homologous with the SNP sequence using the NCBI and UM assignment, respectively).
Case C is a multiple assignment using the NCBI method that was resolved using the UM method, whereas case D is the converse. In case C, the change of A to G at only two positions, 15 and 69, resulted in eight UMs, enabling a unique assignment by the UM method. In contrast, a substantial and These are results using the draft sequence of the human genome (2,895,388,086 bases) and 1,655,188 nonredundant single nucleotide polymorphism (SNF) sequences. Mapping was performed on four AMD K7 (1GHz, 512 MB memory) personal computers running the FreeBSD operating system. The time shown includes both UniMarker (UM) iIdentification and SNP positional assignment, the former accounting for ∼50% of the total time in the case of the 15-mer assignment. 
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Cold Spring Harbor Laboratory Press on October 10, 2017 -Published by genome.cshlp.org Downloaded from comparable number of UMs in differing genomic regions may be found to match an SNP sequence, as illustrated in case D, in which the one with many more identity matches (99.3% vs. 93.7%) was selected by the NCBI method. It is, however, likely that the ambiguity arises from chimerization or sequencing errors.
DISCUSSION
Indexing a large dataset is an established means of facilitating the development of efficient algorithms for data analysis (Fleming and Halle 1989) . Here, we showed that, even in the draft form, the human genome sequence can likewise be preprocessed to generate UMs to greatly enhance the efficiency of SNP mapping. As presented above, very good agreement with previous mapping results was achieved for most assignments, whereas in cases of disagreement there was often ambiguity about the precise genomic location, which will probably only be resolved by further sequencing. Indeed, particularly for duplicated regions, validating predicted SNPs poses considerable challenge, even for experimental investigations (Marth et al. 2001) . At the expense of increasing computational cost, the present UM method can be improved by incorporating information from UMs of a longer marker length (N = 16, etc.) or markers found exactly two, three, or more times in the genome to resolve many of the mapping ambiguities. For example, using markers that occur twice, we were able to assign a further 18.3% of the UM unassignable SNPs to unique genomic positions (data not shown).
It is important that in addition to an increase in speed of orders of magnitude compared with conventional, alignment-based mapping, the UM method has other advantages: (1) the use of UMs effectively masks repetitive elements, a common practice preceding many genome-wide sequence comparisons (Bedell et al. 2000 ; A. Smit and P. Green at http://repeatmasker.genome. washington.edu), including SNP mapping (Wang et al. 1998 ; ) (another common practice) can also be eliminated, as poor quality sequences will be detected automatically by their incongruous UMs, which will probably be distributed randomly on different contigs or chromosomes. Although the present work has focused on SNP mapping, it is obvious that the same method can be applied to EST mapping, a topic of considerable interest that deals with a larger database riddled with experimental errors (Gemund et al. 2001) . For this application, the UM method provides a much simpler way than analyzing sequencer traces Mott 1998 ), which are not always available, to identify reliable regions for every EST (work in progress).
The sequencing of the human genome is a continuing project, and we can expect several releases of new versions in the months to come. Although, in a new version, there is a risk that every UM we have determined will lose its uniqueness and there will be new UMs; barring systematic errors in the genomic sequence, the odds of UMs collectively failing the UM method is slim. In addition, little cost is involved in updating the UMs and mapping results with each update of the genomic sequence. Furthermore, with refinement of the genomic sequence, the accuracy and sensitivity of UM-based analysis will be increased. Indeed, one may begin to envisage the use of UMs as a set of genomewide, high-resolution genetic markers. UMs may also be used as filters and anchors to improve the efficiency of current sequence aligning schemes, thereby rendering the UM method applicable to most sequence analysis problems, provided that the sequence of the genome is available. The UM assignments were compared with the SNP positions reported in dbSNP for those assigned to chromosome 1-24 (see Methods for details). The SNPs assigned by the UM method were National Center for Biotechnology Information (NCBI) unassignables: that is, those assigned to multiple genomic positions (NCBI-multi) and those not assigned (NCBI-not) at NCBI (see Methods for details).
METHODS Databases
The refSNP (reference SNP) sequences clustered by chromosome ( 
Finding UMs on the Human Genome
We moved an N-mer sliding window down the human genome draft sequence one base at a time to find all N-mers that occur only once in the genome. For this process, we digitized the genomic sequence with a binary code, using 11 for A, 10 for G, 01 for C, and 00 for T. In addition, the two binary bits were separated such that any N-mer DNA sequence was uniquely represented by two bit strings or two equivalent integers in the form of a row and a column, as illustrated in Figure 5A . Using this binary representation, we can process the DNA sequence using some of the bit operations used in computer science. For example, a left-shift operation adding 1 or 0, depending on the new nucleotide read in, will give the next N-mer DNA (Fig. 5A ). Other operations to facilitate rapid searches of, say, complementary sequences should also be possible, although this was not explored in the present study. The N-mers were then placed in a binary tree (Fig. 5B ) as tree nodes, along with their chromosome ID, contig ID, sequence position on the contig, and their occurrence count and links to left child and right child, respectively, for subsequently encountered N-mers with the same row value but a larger or smaller column value (Fig. 5B) . By traversing every tree node after the genome scanning was completed, all UMs of length N along with their genomic location were identified; they are the nodes with the occurrence count equal to one.
Figure 3
Distribution statistics on the number of UMs found in an SNP sequence: (A) the SNPs assigned by both UM and NCBI (National Center for Biotechnology Information); (B) the NCBI assignable/ unassignable SNPs. "NCBI assignables" refers to the SNPs that were assigned to chromosomes 1-24 in dbSNP, and "NCBI unassignables" refer to those that were not assigned. The comparison between the UM and NCBI assignments was made using the NCBI assignables. Note that, according to the scheme of the UM method, SNPs with a single UM will be uniquely assigned and those with two, three, or four UMs will always be assigned as 'multiple' if they have more than one UM cluster (see Methods), explaining the dip in the percentage agreement plot. 
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To take into account the fact that the orientation of some of the contigs is not yet certain, both strands of the genomic sequence were separately scanned, and the resulting UMs grouped accordingly: groups 1-24 for those occurring on the forward strand of chromosomes 1-24 (23 being the X chromosome and 24 the Y chromosome), group 25 for those on one strand of the contigs that have not yet been assembled into the genome, and group 26-50 for those on the reverse strand of each of the above groups, respectively. Thus, the UMs of group 1 and groups 26 are located on chromosome 1, the UMs of group 2 and group 27 are on chromosome 2, and so on. Our implementation was apparently correct, as the reverse sequence of every UM was also found to be a UM on the reverse strand.
SNP Mapping
We then parsed each SNP sequence to the UM database to record all the UMs contained in every SNP sequence and the position of each UM with reference to the SNP site. Frequently, the UMs found in an SNP sequence were from disparate genomic locations. To uniquely assign an SNP sequence, its UMs were first clustered to group those assigning an SNP to within 5 bp of the same genomic position. The SNP sequence was then assigned to the genomic position of the largest UM cluster if the number of UMs in the second largest cluster did not exceed 30% of that in the largest; otherwise, the assignment of the SNP sequence was termed 'multiple.' The choice of 30% was made to achieve the highest percentage of assignment agreement with NCBI under the condition that >90% of NCBI's assignable SNPs can also be assigned with the UM method.
In the comparison with the assignments reported in db-SNP, the 5-bp difference was also used to distinguish between 'agreed' and 'disagreed' SNPs. The choice of 5 bp was based on the statistical analysis showing that more than 96% of SNPs assigned to the same contig by the UM and NCBI methods were mapped to exactly the same nucleotide and that an additional ∼3% were mapped to within 5 bp ( Table 4 ). Note that it is these base offsets, which are integer numbers and not sequence alignments, that were used to map SNPs using the UM method. Sample inspections indicated that some SNPs should have been assigned as 'agreed' but could not be as a result of, for example, a >5-base insertion in the SNP sequence. In addition, some of the SNPs assigned to chromosomes 1-24 were actually given multiple genomic positions in the chromosome report file of dbSNP; these SNPs were considered as 'agreed' as long as the UM assignment matched one of the dbSNP assignments by the criteria described above. The results shown include only those SNPs that were assigned to the same contig by both methods.
Figure 4
Four examples of different assignments made using the UM and NCBI methods. The information in parentheses is the ID and length of the SNP sequences, chromosome number, contig number, and percent identity to the SNP sequence for the UM-or NCBI-matched genomic sequence.
BLAST was used to align these sequences. Mismatches in the alignment are indicated above the dotted line; those differing from the SNP sequence are shown in bold type. The exception is the last sequence (UM 2 in case (D), which contains too many (29) mismatches for them to be clearly labeled; this sequence is therefore shown as a broken line. The SNP site is shown by a large italicized letter. UMs, represented by vertical lines of varying thickness to roughly indicate their amount, are shown on the sequence at the approximate locations. For example, in case (A), 10 UMs are shared by the SNP sequence and the UM-assigned genomic sequence, and of these, seven are found in a small region between 302 bp and 327 bp. In cases (B) and (C), 19 and 8 UMs are shared, respectively. In case (D), the UM assignments (UM 1 and UM 2) both shared 11 UMs with the SNP sequence but at different locations.
